We demonstrate shear stress sensing with a Bragg grating-based microstructured optical fiber sensor embedded in a single lap adhesive joint. We achieved an unprecedented shear stress sensitivity of 59.8 pm/MPa when the joint is loaded in tension. This corresponds to a shear strain sensitivity of 0.01 pm/µε. We verified these results with 2D and 3D finite element modeling. A comparative FEM study with conventional highly birefringent side-hole and bow-tie fibers shows that our dedicated fiber design yields a fourfold sensitivity improvement.
Introduction
The wide adoption of smart materials and structural health monitoring in domains such as material manufacturing, civil engineering, transport, energy production and healthcare stimulates the demand for reliable and dedicated sensors. Typical physical quantities to measure include temperature, pressure or strain. Conventional electromechanical sensors, such as electrical strain gauges, are often perfectly adequate for this task. However, an increasing number of smart sensor applications require the sensor to be read out permanently whilst being embedded in a non-invasive manner in various materials that are often subjected to harsh conditions over long lifetimes. Electromechanical sensors are not always suited for this challenge, as they are usually bulky, they exhibit intrinsic temperature sensitivity, they are vulnerable to electromagnetic interference and they can exhibit a strong signal drift. When traditional sensors fail, optical fiber sensors and more specifically fiber Bragg grating (FBG) sensors, can provide a solution. FBG sensors feature many advantages over conventional sensors; they are small, flexible and lightweight, they can be multiplexed and allow quasidistributed sensor configurations, they allow absolute measurements and they have a linear response over a wide temperature and mechanical strain range. These features make FBG sensors highly suitable for integration in a material for smart sensing applications [1] [2] [3] [4] .
Multi-axial (selective) strain sensing remains a challenge for structural health monitoring or tactile sensing applications. Many research efforts focused on axial strain, hydrostatic pressure and transverse strain sensors and there are currently various methods commercially available with a high strain sensing resolution [5] [6] [7] [8] [9] [10] [11] [12] . On the contrary, the detection of shear strain remained mostly unaddressed, and at present no adequate sensor exists that is intrinsically sensitive to shear deformation. Shear stress nevertheless plays a crucial role in the appearance of structural defects such as delamination in laminated composite materials, debonding of adhesive joints or buckling of beams [13] [14] [15] [16] [17] . In addition, shear stress sensing is also a key feature of tactile sensors, since this parameter provides information on (skin) friction [18, 19] . The absence of shear sensing technology can be attributed to the challenging requirements for a shear stress sensor. Non-intrusive integration capabilities and flexibility are essential features of a shear sensor. Furthermore, high shear sensing resolution is indispensable since shear stress levels in aforementioned structures and applications are typically several orders of magnitude smaller than normal stress. Depending on the specific sensor implementation, different types of shear force sensors have been investigated. A planeshear strain gage rosette was first demonstrated in [20] . Current developments of shear stress sensors are based on MEMS technology [21] , including piezo-resistive [22] or capacitive [23, 24] shear stress sensors. More recently, Missine et al. [25] demonstrated an optoelectronic shear sensor based on measuring the optical power with a photodiode received from a vertical cavity surface-emitting laser facing the photodiode and separated with a deformable transduction layer. Distributed shear force sensing was also proposed by Wang et al. [26] using an array of optical fibers embedded in a flexible polymer foil. Shear or transverse loading of the foil induces macro bending of the fibers which can be observed through intensity attenuations.
Research on shear strain sensors using FBG sensors has so far focused on 3 very different approaches. A first technique, demonstrated by Tjin et al. [27] , uses a FBG in a conventional single mode fiber (SMF) that is embedded under a small tilt angle in a deformable layer. Shear loading of this layer induces an axial strain to the fiber, which can be derived from the Bragg peak wavelength shift. Candiani et al. [28] has demonstrated a shear sensing pad by embedding a ferrofluidic-infiltrated microstructured optical fiber FBG sensor and a magnet in a polymer foil. When a shear load is applied to the foil, the location of the ferrofluidic segment in the FBG sensor changes, which in its turn influences the FBG reflection spectrum. Another approach, reported by Schulz et al. [29] , uses a conventional highly birefringent FBG sensor that is embedded in a material perpendicular to the direction of an applied shear load. When the fundamental optical axes of the fiber are aligned with the directions of principal stress, the optical fiber experiences the shear load as if it were a transverse load. In this manner, the applied shear load induces a change in material birefringence of the optical fiber, and hence also a change in its modal birefringence. This can be detected by monitoring the FBG reflection spectrum.
The FBG sensors used in the work of Schulz et al. [29] , for example, typically featured low shear strain sensitivity and significant thermal cross-sensitivity. In order to deal with these issues we propose to work with highly birefringent microstructured optical fibers (MOF). Owing to the unique features of MOFs, leveraged by the properties of FBG sensors, they have become a promising technology for optical fiber based sensing [30] [31] [32] [33] . While the cross section of a conventional step-index optical fiber is entirely made of (silica) glass, the cross section of a MOF displays a pattern of air holes that run along the entire length of the fiber. The arrangement of these holes determines the optomechanical properties of the MOF. By changing the geometry, position, shape or number of holes, fiber properties such as optical mode confinement, modal dispersion, modal birefringence and thermal sensitivity can be tuned. By exploiting stress induced changes of the modal birefringence of a highly birefringent MOF, temperature insensitive pressure and transverse strain FBG sensors have been demonstrated [34, 35] . When a mechanical load is applied to the cladding of such a MOF, the asymmetric air hole geometry will induce an asymmetric stress distribution in the core region, which affects the material birefringence, and hence also the modal birefringence. Temperature insensitivity can be attained by using only low GeO 2 -doping levels in the core region to limit thermal stress variations. A small concentration of GeO 2 is still required to allow for FBG inscription using conventional UV techniques [36] [37] [38] .
Our previous research resulted in a dedicated MOF-FBG sensor ('butterfly MOF') with unprecedented transverse strain sensitivity, combined with a very low thermal sensitivity [34, 39] . Here we show that the record transverse strain sensitivity of the butterfly MOF-FBG sensor is translated in an unprecedented shear strain sensitivity, exceeding that achieved with conventional highly birefringent fibers with a factor 4 (section 3). By aligning the transverse strain sensing axes of the butterfly MOF with the directions of principal stress in a shear loaded material, we can detect shear strain. In this work, we successfully demonstrate shear strain sensing by embedding the butterfly MOF-FBG in the adhesive layer of a single lap adhesive joint (SLJ). We chose to embed our sensor in a lap joint structure because the shear stress distribution in the adhesive layer is well known and can be described by analytical models (section 2). One application of the shear stress sensor is to assess the shear stress distribution in complex prototype joints. Since the shear stress distribution in an adhesive bond line can be a measure of the bond quality, the sensor could in principle also be used for monitoring adhesive bonds in large structures. However, since our sensor is intrinsically sensitive to shear stress, it can as well be implemented in other materials or structures, such as polymer [40] or composite materials [39, 41] .
Our paper is structured as follows. In section 2 we discuss how a highly birefringent MOF-FBG sensor can detect shear stress in a single lap adhesive joint (SLJ). In section 3 we elaborate on the experimental results that we have obtained when using butterfly MOF-FBG sensors to measure shear stress in an SLJ experiment. We also verify our experimental results with 2D and 3D finite element modeling techniques. Finally, in section 4, we conclude on the shear stress sensing opportunities offered by our dedicated selective strain sensors.
Shear stress sensing with highly birefringent optical fiber sensors
To determine the shear stress sensing performance of a butterfly MOF-FBG sensor ( Fig. 1) , we have embedded several of these sensors in a single lap adhesive joint (SLJ). A SLJ is a simple structure for which the shear stress distribution in the adhesive layer is well known and can be described by analytical models [42] . The analysis of Goland-Reissner [43] is a classic two-dimensional linear elastic method to analyze SLJs and to determine not only the shear stress in the bond layer, but also the peel stress that is induced by the bending moment caused by eccentric loading of the joint. Figure 2 (a) shows a SLJ configuration with additional spacer tabs placed at the ends of the adherends to ensure tensile loading along the center line y = 0. Figure 2 (b) compares the shear and peel stress profile from Goland-Reissner theory, and that from 2D finite element modeling (see section 3) of the SLJ shown in Fig. 2(a) . This profile demonstrates that in the centre of the adhesive layer -at the location of the optical fibershear stress is more prominent than peel stress. However, at the edges of the overlap, peel stress will dominate. This peel stress may also initiate joint failure. It is worthwhile mentioning that the Goland-Reissner analysis does not include the decay of shear and peel stress near the edges of the adhesive bond. The nearly linear evolution of the shear and peel stress, with correlation coefficients R 2 > 0.999 and R 2 > 0.998, respectively, in the centre of the adhesive layer when the tensile loading is increased is shown in Fig. 2(c) .
The operating principle of the butterfly MOF-FBG sensor relies on the change of modal birefringence caused by mechanical load applied to the cladding of the MOF, or to the material in which the sensor is embedded. Because of the asymmetric geometry of the air hole pattern, load applied to the fiber induces an asymmetric mechanical stress distribution in the core region. The refractive indices for the modes polarized along the x-and y-direction, n x and n y , are therefore affected in a different manner according to [44] [45] [46] :
n n x y n x y = + ∆
with i = x or y for the x-or y-polarized modes. The correction terms Δn i (x,y) represent the change in stress distribution induced by mechanical load:
with C 1 and C 2 the stress-optic coefficients. The principal stresses σ 1 (x,y) and σ 2 (x,y) are determined from the normal stress components σ x (x,y) and σ y (x,y) and shear stress component τ xy (x,y) using the following relationship:
The influence of the shear stress component is often neglected when transverse stress sensitivity of a MOF-FBG sensor is being considered. However, when investigating the shear stress sensitivity of these sensors, the contribution of this component is of major importance. Fig. 1 . The butterfly MOF-FBG sensor has an asymmetric air hole topology which induces large deformations in the core region and its GeO2 doped inclusion during fiber fabrication [34] . The contours of the air holes, doped region and cladding are reconstructed in a 2D geometry for FEM simulations in Abaqus.
Because of the large asymmetry in the design of the butterfly MOF, the sensitivity of the sensor to transverse load depends on the angular orientation of the MOF with respect to the direction of the load. More specifically, the butterfly MOF-FBG sensor has a sine-like angular dependence of the transverse line load [39] and transverse strain sensitivity when embedded in a material [47] . The transverse strain sensitivity is highest when the transverse load is applied along 90°, which is indicated in Fig. 1 by the y-axis and which is also called 'slow axis'. When the fiber is loaded along 0°, which corresponds to the x-axis, or so-called 'fast axis', the magnitude of the sensitivity is still large, but it will now be negative. When the fiber is transversally loaded along ± 45°, the magnitude of its transverse line loading sensitivity approaches zero. When embedded in a shear loaded adhesive layer along ± 45° (Fig. 2(a) .), it will detect the shear load induced transverse strain in the fiber. At the same time, the influence of peel strain on the sensor signal will remain low. 
Experimental and FEM modeling results
We carry out experiments on FBG sensors embedded in SLJs that are loaded in tension up to failure and 2D and 3D structural finite element (FEM) analyses of an optical fiber embedded in a SLJ to compute and verify the sensor response. We embed two FBG sensors fabricated in a conventional SMF (referred to as sample 1A and 1B) and two sensors fabricated in a butterfly MOF (sample 2A and 2B) in a SLJ. The joint configuration is shown in Fig. 2(a) with the optical fiber located in the centre of the adhesive layer and directed along the zdirection. The adhesive is a two component methyl methacrylate (Simson Supergrip MMA 8105) that has cured at room temperature for at least 24h. The length and thickness of the adhesive layer are indicated in Table 1 for each sample. Schulz et al. [29] have demonstrated before that the presence of an optical fiber in an adhesive bond layer does not affect its strength. The adherends are made of aluminum. To ensure that tensile loading is along the central axis (y = 0) of the SLJ, spacer tabs are placed at the ends of the adherends where they are gripped. The adherends have a thickness of 3 mm and length of 100 mm, and the width of the sample is 25 mm. The FBG sensors were inscribed using UV femtosecond laser and phase mask technique, with a similar laser configuration as described in [48] . The UV output power was fixed to 200 mW and focused to the core of the optical fiber with a cylindrical lens of 50 mm focal length. Short length (6-8 mm) FBGs were inscribed to ensure uniform stress distribution along the sensor when embedded centrally in the adhesive layer. We verified this with 3D FEM modeling using commercially available Abaqus FEA software [49] . The modeling approach is explained later in this section. The butterfly MOF-FBG sensors feature a 2.4 mol% GeO 2 -doped inclusion, as indicated in Fig. 1 . As discussed earlier in section 2, the optomechanical response of butterfly MOF-FBG sensors features an angular dependence. After testing the samples, the cross-sectional sides of the adhesive layer are polished to verify the optical fiber position and orientation (Table 1 ). The results show that it is perfectly possible to position an optical fiber and maintain its angular orientation within ± 9° in a SLJ without the need to adapt the SLJ fabrication procedure. Previous research [47] demonstrated that for the butterfly MOF sensor an angular misalignment of 10° from its optimal transverse strain sensing direction, leads to a sensitivity decrease of 10%. To facilitate fiber orientation in larger structures, one can consider the use of alignment tabs fixed on the optical fiber that indicate the optimal orientation. Another option is to adapt the outer cladding of the butterfly MOF to feature a flat side, also known as a D-cladding shaped fiber. The alignment tabs or the flattened side of the fiber can help to maintain the optimal fiber orientation during fiber positioning in the host material. Chehura et al. [50] demonstrated that the transverse strain sensitivity of the modal birefringence of an elliptical core fiber is not significantly affected when the circular outer cladding is changed to a D-cladding shape. The reflection spectra of the FBG sensors are recorded before and after embedding in a SLJ (Fig. 3(a) and Fig. 4(a) ). Minor spectral deformations were introduced, but this did not affect the Bragg peak detection. An average shift of 669 ± 9 pm of the Bragg peak wavelengths towards longer wavelengths was detected for all samples. This shift is likely due to axial strain induced during SLJ fabrication when fixing the fiber to maintain its position and angular orientation in the adhesive layer. The sample is placed in a hydraulic servo-controlled tensile test machine with a load capacity of 100 kN (Instron 8801 [51],) by gripping it at both ends (Fig. 5) . A static tensile load is applied at a rate of 0.05 mm/min until failure of the SLJ. During loading, the FBG sensor response is recorded using an FBG interrogator (FBG scan 608 [52],) with a sample frequency of 1 Hz and peak detection resolution of 1 pm. Fig. 5 . Picture of the SLJ sample placed in the tensile test machine. The optical fiber is also visible.
The SMF-FBG sensor response to tensile load of sample 1B is shown in Fig. 3(b) . The results of a linear regression analysis of the response of samples 1A and 1B yielding the sensitivity in pm/kN are given in Table 1 . For both samples the Bragg peak wavelength shifts to shorter wavelengths because of tensile loading of the SLJ. This corresponds to an axial compression of the FBG sensor that is induced by transverse contraction of the adhesive layer. This was verified with a 3D FEM model with dimensions corresponding to that of sample 1B and a silica rod located centrally in the adhesive layer to represent an optical fiber. Constraints are applied to the adherends to reproduce a fixed support on the left and a guided support on the right end of the SLJ. A load of maximum 5 kN is applied to the right end. The mesh consists of linear, 3D stress elements. Perfect bonding is assumed at all interfaces. The elastic modulus E and Poisson coefficient ν is respectively 70.0 GPa and 0.33 for the aluminum adherends, 0.47 GPa and 0.385 for the MMA adhesive, and 72.5 GPa and 0.17 for the silica optical fiber. The actual material parameters for the two component MMA structural adhesive were not available. Therefore, an average was made over publicly available material parameters (E and ν) available for similar two-component MMA adhesives [53] [54] [55] . Results from 3D structural FEM modeling show that the detected negative Bragg peak shift is indeed because of transverse contraction of the adhesive layer, and results in a (negative) axial strain that is transferred to the optical fiber. Figure 3(b) compares the results of the experiment with those of 3D FEM when using the well-known axial strain sensitivity of SMF-FBG sensors (1.2 pm/µε [3, 39] ,) to calculate the corresponding Bragg peak shift. We find a very good agreement between experiments and 3D FEM modeling of SMF-FBG sensors embedded in a SLJ.
The butterfly MOF-FBG sensor response of sample 2A is shown in Fig. 4 and the results of a linear regression analysis of that response against applied load is also given in Table 1 . For sample 2A, the Bragg peak separation increases because of tensile loading of the SLJ at a rate of 67.4 pm/kN. We limited the linear fit up to 2 kN, since at higher loads the sensor response is no longer linear. This can be attributed to the initiation and growth of cracks at the edge of the adhesive bond. Debonding at the edges will increase the shear stress at the location of the optical fiber. The experimental results were verified using 2D structural FEM modeling of a SLJ model using the same constraints, loading conditions and material properties as mentioned before. The dimensions of the adhesive layer and SLJ were chosen to match that of sample 2A. The 2D model of the butterfly MOF was extracted from its scanning electron micrograph (SEM) as shown in Fig. 1 [47] . We have limited the simulations to 2D FEM since the sensing principle of the butterfly MOF-FBG sensor relies on the change of material birefringence which is limited to effects in the xy-plane. Moreover, we obtained a very good agreement between experiments on a SMF-FBG sensor and 3D modeling, which gives us confidence that neglecting stress along the z-direction will not affect the results for the Bragg peak separation. The result from a 2D FEM model of the peak separation is shown in Fig. 4(c) and summarized in Table 1 . A sensor response of 69.9 pm/kN is obtained, which agrees well with the experimentally obtained value. For sample 2B, the Bragg peak separation increases at a rate of 71.8 pm/kN. The slightly higher response stems from the thicker bond and from the small off-centre location of the fiber. Both of these effects increase the shear stress at the location of the fiber.
The increase in peak separation is due to the angular orientation of the MOF sensor, −45° instead of + 45°, and prevents peak overlapping and corresponding peak detection errors. Since both peel and shear stress are present in the adhesive layer, we cannot link the rate of change entirely to shear stress alone. However, because of the particular orientation of the MOF sensor, we can say that its sensitivity to the small amount of peel stress will be minimal. The shear and peel stress profiles shown in Fig. 2(b) , which are derived from this particular 2D FEM model, show that in the centre of the adhesive layer the shear stress is 1.18 MPa when a tensile load of 1 kN is applied to the SLJ. On the other hand, the peel stress at that location is more than 3 times smaller: only −0.35 MPa. In the experiment on sample 2A, a load of 1 kN induced a peak separation increase of 70.6 pm. Hence, when neglecting peel stress, the butterfly MOF-FBG sensor would have a shear stress sensitivity of 59.8 pm/MPa. Considering the material properties of the adhesive, this sensitivity would correspond to a shear strain sensitivity of 0.01 pm/µε. It should be noted that although shear stress in an optical fiber is known to induce optical mode coupling between the fundamental modes [56] , the modal birefringence of the butterfly MOF is sufficiently large to prevent the occurrence of this effect. During our experiments, we did not experience any detectable change in the reflected optical power of both fundamental modes.
To demonstrate the added value of the butterfly MOF-FBG sensor over other types of highly birefringent fiber with an outer cladding diameter of 125 µm and a doped inclusion in the core region, we have also modeled the sensitivity of a bow-tie and side-hole fiber when embedded in a similar SLJ. We have constructed 2D FEM models of these fibers based on details and dimensions provided by Guan et al. [58] and by Clowes et al. [59] . An overview of the results is presented in Table 2 . When embedded in a SLJ, the bow tie FBG sensor and side hole FBG sensor yield a shear stress sensitivity of 16.0 pm/MPa and 16.2 pm/MPa, respectively. These shear stress sensitivities are almost 4 times lower than that obtained with a butterfly MOF-FBG sensor, clearly indicating the added value of our dedicated MOF-FBG sensor. 
Conclusion
We have successfully demonstrated, for the first time to our knowledge, shear stress sensing with Bragg grating-based sensors fabricated in a highly birefringent butterfly MOF. The functionality of our shear stress sensor was validated by integrating the sensor in the adhesive of a single lap joint. When this joint was loaded in tension, we obtained a shear stress sensitivity of 59.8 pm/MPa. This corresponds to a shear strain sensitivity of 0.01 pm/µε. We have verified our experimental results with 2D and 3D FEM modeling. Compared to conventional birefringent fibers, our dedicated MOF design yields a fourfold sensitivity improvement. This clearly demonstrates the added value of MOF-FBG sensor technology. Moreover, since the butterfly MOF-FBG sensing principle relies on the change in modal birefringence when subjected to shear loading, our technology carries significant potential for temperature insensitive shear stress sensing.
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